Stars and planets are formed inside dense interstellar molecular clouds by processes imprinted on the three-dimensional (3D) morphology of the clouds. Determining the 3D structure of interstellar clouds remains challenging because of projection effects and difficulties measuring the extent of the clouds along the line of sight. We report the detection of normal vibrational modes in the isolated interstellar cloud Musca, allowing determination of the 3D physical dimensions of the cloud. We found that Musca is vibrating globally, with the characteristic modes of a sheet viewed edge on, not the characteristics of a filament as previously supposed. We reconstructed the physical properties of Musca through 3D magnetohydrodynamic simulations, reproducing the observed normal modes and confirming a sheetlike morphology.
* and Konstantinos Tassis 1,3 * Stars and planets are formed inside dense interstellar molecular clouds by processes imprinted on the three-dimensional (3D) morphology of the clouds. Determining the 3D structure of interstellar clouds remains challenging because of projection effects and difficulties measuring the extent of the clouds along the line of sight. We report the detection of normal vibrational modes in the isolated interstellar cloud Musca, allowing determination of the 3D physical dimensions of the cloud. We found that Musca is vibrating globally, with the characteristic modes of a sheet viewed edge on, not the characteristics of a filament as previously supposed. We reconstructed the physical properties of Musca through 3D magnetohydrodynamic simulations, reproducing the observed normal modes and confirming a sheetlike morphology.
A stronomical objects are seen in twodimensional projection on the plane of the sky. This is particularly problematic for studies of the interstellar medium (ISM), because the three-dimensional (3D) structure of interstellar clouds encodes information regarding the physical processes (such as magnetic forces, turbulence, and gravity) that dominate the formation of stars and planets. We seek a solution to this problem by searching for resonant magnetohydrodynamic (MHD) vibrations in an isolated interstellar cloud and by analyzing its normal modes. Normal modes have been used extensively to describe and analyze various systems in the physical sciences, from quantum mechanics and helioseismology to geophysics and structural biology. Normal modes have been observed in the ISM in two small pulsating condensations (Bok globules) located inside two molecular clouds (interstellar clouds dense enough to allow the formation of molecular hydrogen) (1, 2) . Further applications have been limited because molecular clouds usually exhibit a complex morphology, including filamentary structures, as a result of turbulent mixing and shock interaction (3, 4) .
Recent wide-field radio observations of molecular clouds (5) have unveiled the presence of well-ordered, quasi-periodically spaced elongations, termed striations, on the outskirts of clouds. The thermal dust continuum emission survey of nearby molecular clouds by the Herschel Space Observatory has shown that striations are a common feature of clouds (6) (7) (8) (9) (10) , often associated with denser filaments (7-11) inside which stars are formed. Complementary polarimetric studies have revealed that striations are always well aligned with the cloud's magnetic field projected onto the plane of the sky (5, (7) (8) (9) (10) (11) (12) .
From a theoretical perspective, the only viable mechanism for the formation of striations involves the excitation of fast magnetosonic waves (longitudinal magnetic pressure waves) (13) . Compressible fast magnetosonic waves can be excited by nonlinear coupling with Alfvén waves (incompressible transverse waves along magnetic field lines) and/or perturbations created by self-gravity in an inhomogeneous medium. These magnetosonic waves compress the gas and form ordered structures parallel to magnetic field lines, in agreement with observations of striations (5, (7) (8) (9) (10) (11) (12) .
Once magnetosonic waves are excited, they can be reflected in regions of varying Alfvén speed (defined as n A ¼ B= ffiffiffiffiffiffiffi ffi 4pr p , where B is the magnetic field and r is the density of the medium), setting up normal modes, just like vibrations in a resonating chamber. In regions where striations appear to be unassociated with denser structures (such as in H I clouds), this resonating chamber may be the result of external pressure confinement by a more diffuse, warmer medium. However, boundaries can also be naturally created, in the case of a contracting self-gravitating cloud, as a result of steep changes in density and magnetic field that in turn lead to sharp variations in the velocity of propagation of these waves (14). Any compressible fast magnetosonic waves excited during the formation of the cloud will then be trapped, thus resulting in striations in the vicinity of denser structures.
Fast magnetosonic waves traveling in both directions perpendicular to the magnetic field are coupled (13) . By considering a rectangular box, we can express the spatial frequency k of each normal mode (n, m) as
where the ordered component of the magnetic field is considered to be along the z axis and L x and L y are the lengths of the box along the x and y axes, respectively, with n and m being integers ranging from zero to infinity. By considering a rotation matrix, we can show that the spatial frequencies seen in the power spectra of cuts perpendicular to the long axis of striations are independent of the orientation of the cloud (14).
We analyzed these magnetohydrodynamic striations seen in Musca (designated G301.70-7.16), a molecular cloud located~150 to 200 pc from Earth (15, 16) . Because of its elongated and ordered morphology and its low column density (the integrated volume density along the line of sight), Musca is considered to be the prototype of a filamentary (cylindrical) molecular cloud (9, (17) (18) (19) (20) and is used as a comparison by many theoretical models. Musca has been mapped by Herschel as part of the Gould Belt Survey (9) and exhibits clear striations oriented perpendicularly to the main body of the cloud. We have reanalyzed the archival data (9); Fig. 1 shows the Herschel Spectral and Photometric Imaging Receiver 250-mm dust emission map of Musca. We have considered cuts perpendicular to the long axis of striations inside the green rectangle in Fig. 1 in order to study their spatial power spectra. We have verified that our selection does not introduce biases by considering cuts perpendicular to the long axis of the striations and studying their spatial power spectra in other regions as well (14).
The normalized power spectra from each cut and the distribution of the identified peaks are shown in Fig. 2, A and B, respectively. From Eq. 1 and the assumption that L x is the largest dimension of the cloud, the smallest possible wave number is obtained for (n, m) = (1, 0). Thus, the first peak in Fig. 2B has to correspond to (n, m) = (1, 0), yielding L x = 8.2 ± 0.3 pc. This value is consistent with the observed size of the cloud on the plane of the sky, which is variously reported to be from 6.5 to 7.85 pc when scaled to our adopted cloud distance of 150 pc (9, 18, 21) . The second peak could correspond to either (n, m) = (0, 1) or, in the case of a cylindrical cloud with L x ≫L y (and thus k 0:1 ≫1), to (n, m) = (2, 0). However, with L x~8 pc, the (n, m) = (2, 0) peak is expected at k~0.8 (pc) −1 , much higher than the actual location of the second peak. Thus, this second peak has to correspond to (n, m) = (0, 1). By inserting (n, m) = (0, 1) and the value of the second peak in Eq. 1, we deduce the hidden, line-of-sight dimension L y to be 6.2 ± 0.2 pc, comparable to the largest dimension of the cloud. The other normal modes with their uncertainties determined through error propagation are predicted analytically by inserting these values for L x and L y into Eq. 1 and are overplotted in Fig. 2B . Therefore, Musca, previously considered to be a prototypical filamentary cloud, is instead a sheetlike structure seen edge on.
In Fig. 2B , we plot all the normal modes up to (n, m) = (2, 2). We find good agreement between the predicted wave numbers and observations up to the first few modes, with n or m = 4 corresponding to physical scales of~1.6 pc ( fig. S1 ). However, the shape of the cloud is more complicated than an idealized rectangle, exhibiting higher-order structure on smaller scales, so the normal modes may be better modeled by a rectangle with rounded edges or an ellipse. Thus, Eq. 1 is an approximation that applies only to the normal modes with small spatial frequencies (i.e., large physical scales). At spatial frequencies higher than~2 (pc) −1 , the density of normal modes becomes so high that they cannot be identified in either the observations or the theoretical predictions (the uncertainties overlap for all predicted modes).
Through ideal (nondissipative) MHD simulations including self-gravity (14), we have constructed a 3D model of Musca, including the dense structure and striations in the low-density parts. In Fig. 3 we show the column density map from our simulation, which reproduces the observed dimensions of the cloud. A 3D representation of the volume density of the model of Musca is shown in Fig. 4 . As intuitively expected from the normal-mode analysis of the observations, the shape of the cloud is that of a rectangle with rounded edges.
The maximum column density in the simulation, from an edge-on view, is 1.9 × 10 22 cm −2 . For comparison, the maximum column density derived observationally from the dust emission maps (9) is~1.6 × 10 22 cm −2 . The maximum volume number density in the simulation is 2 × 10 3 cm −3
, high enough for molecules to be collisionally excited and therefore observed via their rotational emission lines. Molecular line observations of the Musca molecular cloud are limited to CO, including several isotopologues, and NH 3 (17) (18) (19) (20) ; the latter is observed only toward the densest core of Musca. The number densities required to excite CO and NH 3 lines are~10 2 and 10 3 cm −3 , respectively (22) , which are easily reached in our simulated model of the cloud. To reproduce the observed column density in any filamentlike geometry, in contrast to the sheetlike structure, the number density has to bẽ 5 × 10 4 cm −3 or higher (18) . This value is well above the density threshold for star formation for clouds in the Gould Belt and a density threshold derived specifically for Musca (23) . More evident star formation activity would be observed if Musca was a filament. Moreover, if the 3D shape of Musca was that of a filament, NH 3 would be easily excited and observed throughout the ridge of the dense structure.
We used a suite of simulations of clouds of different shapes to validate our analysis and verify that Eq. 1 can be used to extract the correct cloud dimensions (14). In each of our simulations, the known dimensions of the clouds were recovered by the simulated normal-mode analysis. In contrast to the distribution of peaks seen in Fig. 2B , in cylindrical clouds (L y ≪ L x ) the first few peaks at low spatial frequencies are all multiples of the first peak. The first few peaks for cylindrical clouds are due only to the largest dimension of the cloud, resulting in a sparser distribution of peaks than the sheet geometry ( fig. S4 ). This is both quantitatively and qualitatively different from the distribution seen in the Musca data (Fig. 2) , strengthening the case that the intrinsic shape of Musca is sheetlike. Sheetlike structures are common in turbulent clouds, as they may represent planarlike shocks from processes such as supernova explosions or expanding ionization regions or may result simply from accretion along magnetic field lines (4, 24, 25) .
For decades, the determination of the 3D shapes of clouds has been pursued through statistical studies (26) (27) (28) , which do not provide information Tritsis on a cloud-by-cloud basis. Other proposed methods (29, 30) rely on complex chemical and/or radiative processes and thus depend on numerous assumptions. With its 3D geometry now determined, Musca can be used to test theoretical models of interstellar clouds. , used to identify Musca's main, dense filament (9) . The magnetic field is along the z axis, and the time of the snapshot since the beginning of the simulation is~2.7 million years. 
